The fabrication and electromechanical properties of composite inks consisting of 30 to 70 vol.% of piezoceramic PZT powder and piezoelectric co-polymer P(VDF-TrFE) are presented. Samples were stencil-printed on a commercial PET film and printable silver 
Introduction
In recent years a growing number of electronic devices are designed to be mobile and/or wireless. This has created a need for increased freedom in the selection and integration of components and an interest in the development of lightweight and flexible electronics. As a result there are many alternative composites and fabrication methods 2 being studied. In 0-3 ceramic-polymer composites the ceramic particles are embedded as filler material into a polymer matrix in such a way that they are not in contact with each other. The composites' properties are relatively easily controlled by loading and selection of the filler and matrix materials. Furthermore, low temperature processing of printable composites enables the use of a large variety of substrates (including organic materials, e.g. paper and plastics) which is not possible with conventionally sintered ceramics. [1, 2] Although there are low processing temperature materials available, only a few components such as passive elements, antennas, LEDs and transistors have been fabricated solely by printing technologies (e.g. ink-jet printing, screen-printing, etc.). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Therefore there is still a clear need for fully printed low temperature component structures with functional materials.
Piezoelectric ceramics form one of the most multifunctional material groups in electronics. They are widely used in actuators, sensors and transducers, from igniters to fine precision print heads, fuel injectors, sonars, energy harvesters and echograms. [11] [12] [13] [14] The main challenge in piezoelectric composite materials is their low electromechanical performance when compared to that of the bulk ceramics or single crystals. However, piezoelectric printable components offer excellent and low cost large area fabrication opportunities, freedom in substrate material selection (including organic materials) and simplified embedding of components. [1, [4] [5] [6] [7] [8] 15] In many cases either PVDF or P(VDF-TrFE) co-polymer is selected for the polymer matrix of a piezoelectric composite. This is due not only to its crystalline and piezoelectric structure, but also to its easy solution-based processability, low processing temperature, high sensitivity and flexibility with low density. [16] [17] [18] [19] [20] [21] [22] [23] In this paper the 3 electromechanical properties of piezoelectric PZT/P(VDF-TrFE) inks with 30-70 vol.% ceramic concentrations are presented. In most piezoelectric or ferroelectric composites studies published, the composite is hot or cold pressed or cast and the structure is not fully printed. In many other printing studies the process temperatures are significantly higher than presented here and/or the substrates are usually inorganic and rigid. [6, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The sample structure presented here is wholly printed, and due to the low processing temperature of 130 °C, an organic flexible PET film is used as a substrate.
Materials and methods
Four sets of inks with ceramic particle concentrations from 30 to 70 vol.% of PZ29
(Ferroperm Piezoceramics A/S) were fabricated for printing. The copolymer P(VDFTrFE) 56/44 mol.% (Solvay-Solexis), having the crystallized ferroelectric phase referred to as β-phase [23, 32] , was chosen for the polymer matrix of the ink.
Preparation of the PZT-polymer ink composites
The preparation was started by dissolving the poly(vinylidenefluoridetrifluoroethylene), P(VDF-TrFE), co-polymer powder into dimethylformamide (>99%, Inks were prepared in a ball mill using nylon milling jars and agate milling balls for 18 hours in order to de-agglomerate the raw material as completely as possible. 4 After the milling the viscosity was adjusted for printing by evaporating the acetone and excess of other solvents using a drill mixer and a heating plate. The inks were collected and used for printings usually within a day after preparation.
Printing the samples
A parallel plate capacitor structure pattern (Figure 1 ) with the electrode dimensions of 10 x 11 mm was used for the samples. Electrodes were made by screen-printing a low curing temperature silver ink (Dupont 5064H) through a 180 mesh stainless steel screen with 16 µm emulsion thickness on a transparent PET film. The silver ink layers were cured for 15 minutes at 130 ˚C. The piezoelectric ink layers were manually printed on the silver electrodes through a 90 µm stencil with a glass doctoring blade followed by settling at room temperature for a minimum of 30 minutes and heat treatment for 30 minutes at 120 ˚C. Typically, two layers of piezoelectric ink were printed to achieve a layer thick enough for further experiments. The thickness of the piezoelectric layer after drying was defined with a micrometer screw and varied between 30-60 μm depending on the number of layers.
Mechanical tests and microstructures
The adhesion of the cured composite inks on the printed silver ink (DuPont 5064H) was tested by means of a pull-off strength test (Positest AT-A automatic adhesion tester) and a tape peel-test (ASTM D-3359-B cross-hatch test, using an Elcometer 107 X-Hatch kit). An alumina substrate was used in the adhesion tests, in contrast to that used in the electrical measurements. This substrate was chosen because the silver ink used had an 5 excellent adhesion to it, thus making sure that the failing point would always be between the composite and silver layers.
For the pull-off tests the samples were fixed to a rigid surface and Ø 20 mm aluminum dollies were glued to the piezoelectric layers. The pull-off strength tests were carried out on the following day. Three samples of each composite were measured and the average of the results was calculated. The failing point of each sample was between the silver and piezoelectric layers. On tape-peel tests, 3 cross-cut patterns were made to the sample surface with a tool consisting of six parallel blades. Tape was glued on top of the cut pattern and peeled off.
The Young's modulus of each layer was derived by measuring different structures using a tensile stress testing stage (Linkam TST350, Figure 2 ). Sample width in the tests was 2-3 mm and length 60-80 mm. The thickness of the steel used to increase the stiffness was 30 µm, polymer film 98 μm, and silver electrodes (top and bottom) 12-14 μm.
Microstructures of the printed and cured composites where investigated by FESEM (Ultra Plus, Zeiss).
Dielectric and electromechanical characterization
The dielectric properties were measured before and after poling from 1 kHz to 1 MHz with 1 V pp signal amplitude using a LCR meter (HP 4284A). In addition, dielectric properties were also determined for bulk samples of PZ29 and P(VDF-TrFE). The ferroelectric properties, hysteresis loops, remanent polarization, coercive electric field and leakage current were measured up to an electric field of 34 MV/m with a high voltage ferroelectric tester (Radiant RT6000HVS). The samples were poled in a 15
MV/m electric field at room temperature for 1 hour. The piezoelectric coefficient d 31 6 was measured from cantilever shaped samples by using a Laser Doppler-vibrometer (OFV-552 measuring probe, Polytech GmbH, Waldbronn).
[33]
Results and discussion
The printability of the samples differed depending on the concentrations of PZT. The samples printed with 30 vol.% of PZT in ink were the easiest to fabricate and they had the smoothest surfaces. Inks which had 60-70 vol.% of PZT were difficult to print. The samples made with these inks had high porosity, agglomeration of ceramic particles and percolation. Thus these samples had a very low electric breakdown voltage compared to those with lower loading levels and they were discarded from the ferroelectric and piezoelectric measurements. were scattered inside the P(VDF-TrFE) phase (partly transparent areas). It can be seen that the agglomeration of the ceramic particles slightly increased with the loading level.
Physical characterization of the cured ink
In addition, the amount of pores in the 60 vol.% sample (marked with arrows) was more evident. At the same time, the percolation level of the ceramic particles was also high.
This percolation effect and increasing porosity in composites having more than 50
vol.% of ceramic particles has also been reported in some other PVDF composite studies [33] [34] [35] [36] . or more of PZT. Figure 5 shows a typical cross-hatch cut pattern for all cured composite inks after the peeling test, with no chips removed by peeling. Thus all cured composites achieved a 5B result on the ASTM standard. This test showed that even with the highest ceramic loading levels the adhesion remained high.
Dielectric properties before poling
In Figure 6 [24] . The relative permittivity of the samples was approximately 10-30% higher than the values reported for many other binary composites with a PVDF matrix [28, 29, 34, [36] [37] [38] [39] [40] . Besides the differences in ink and sample fabrication, this is probably due to slightly different ceramic fillers being used in these studies. The permittivity collapsed when the amount of PZT in the composite was increased to 60 and 70 vol.%. The decrease in permittivity is caused by the pores which are clearly visible in the FESEM picture with high loading levels ( Figure 3 ). In addition, the pores are expected to decrease the contact area between the composite and the electrodes, thus also decreasing the estimated permittivity value [24] .
Calculations of permittivity by mixing equations
Permittivity of a composite with different loadings can be evaluated by using various mixing formulas such as Lichtnecker, Maxwell-Wagner or Bruggeman equations, series mixing and Effective Medium Theory (EMT) [41] . In Figure 7a [41] [42] .
The dielectric properties of bulk PZ29 (filler) and PVDF-TrFE copolymer (matrix) used in calculations are shown in Table 1 .
Modified Lichtnecker equation:
Effective medium theory (EMT):
where ε eff , ε m and ε i are the permittivity of composite, matrix and filler materials, respectively, f is the volume fraction of the ceramic and n is a fitting parameter.
The results of the equations match very well to the measured values at lower loading levels. However when the amount of PZT in the composite exceeds 50 vol.%, the measured values start to diverge significantly from the calculated ones.
Dielectric losses can also be calculated with the mixing formulas, for example by using a commonly known parallel mixing equation [42] :
where tanδ eff , tanδ m and tanδ i are the loss tangent of the composite, matrix and the filler, and f m and f i are the volume fraction of the matrix and the filler, respectively. In Figure   7b the measured effective loss tangent of the samples is compared with calculated values. The results show that the presented mixing equations can be safely used to predict the dielectric properties of the research composites up to ~50 vol.% loading in the frequency range from 1 kHz to 1 MHz. At higher loading levels the deviation from 9 the calculated values support the earlier observations on percolation and other nonidealities found in the composite microstructure.
Dielectric properties after poling
The dielectric properties for composites with 30 to 50 vol.% loading levels were measured again after the poling ( Table 2 ). The higher the PZT loading used in the composite, the higher was the decrease of relative permittivity observed after poling.
This decrease in relative permittivity of the composites after the poling followed the known behavior of PVDF-TrFE copolymer [29, 40, 43] .
Remanent polarization of the composites
The remanent polarization of the samples up to 34 MV/m is presented in the Figure 8 .
Similarly as with the relative permittivity, the values increased with the composites' filler concentration and the largest change was observed between 30 and 40 vol.% samples. The differences between 40 and 50 vol.% samples remanent polarization were relatively low and started to diverge more clearly above a 22 MV/m measurement field.
The maximum remanent polarization P r (4.8 μC/cm 2 ) was obtained for the samples with 50 vol.% of PZT.
All samples were found to withstand fields of 15 MV/m without breakdown and consequently this value was selected as the poling field. However it is likely that the composite with 40 vol.% of PZT could have been polarized in a higher electric field than the others, thus probably attaining a higher piezoelectric performance.
Piezoelectric properties of the composites
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In order to measure the piezoelectric properties of the composites, the Young's modulus of the substrate and samples were first evaluated by measuring the strain, ε, and stress, σ, when stretching rectangular shaped samples:
where L is the length, ∆L the change in samples length, F the applied tension, and A is the area normal to the tension.
The Young's modulus can be calculated by:
The Young's modulus values of the cured piezoelectric ink, polymer film and steel foil (30 μm) calculated from the measurements were 1.3, 5.5 and 195 GPa respectively.
Using a simply supported unimorph cantilever, the piezoelectric coefficient d 31 can be calculated by combining the elastic properties of the layers and the cantilever's mechanical response to the electrical input [33] :
where L is the tip length, t p is the tip thickness, V 0 is the input voltage and δ 0 is the tip deflection, and parameters A and B are defined as:
where E is Young's modulus, t is layer thickness and subscription m corresponds to the substrate layer (steel and polymer film) and p to the piezoelectric layer.
All the composites having 30-50 vol.% concentrations of PZT particles showed a mechanical response when an input voltage was applied to the samples. The piezoelectric coefficient of the composites, calculated using the results of mechanical 11 and electromechanical measurements, are presented in Table 2 . The coefficient was enhanced with increasing amounts of PZT, as expected. Here the change between 40
vol.% and 50 vol.% of PZT is relatively large. An effective transverse piezoelectric coefficient (d 31 ) of 17 pm/V (around 7 % of the bulk PZ29 ceramic) was measured from the cured ink having 50 vol.% of PZT. [44] This composition shows comparable and even higher piezoelectric coefficients than so far reported for oriented P(VDF-TrFE) copolymer films or similar printed composites. [9, 17, 24, 45] Therefore the developed composite ink can be used in fully printable and flexible sensor applications with increased level of integration.
Conclusions
Piezoelectric composite inks were developed using commercially available piezoelectric were achieved with a composite having 50 vol.% of PZT. However, the performance of the sample with 40 vol.% of PZT could be directly improved in the future by using 12 higher electric fields in poling. Similarly, the whole poling process should be optimized in terms of temperature and poling field (direction and strength) to achieve the optimal performance of these composites. Even at this stage the obtained research results are highly promising. 
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